We present experimental results and a numerical model confirming that surface plasmons can resonantly enhance light transmission through a corrugated metal f ilm. A new interpretation in terms of plasmonassisted light tunneling is given to recent experiments on light penetration through periodic subwavelength holes in a thin metal f ilm. We designed a narrow-band f ilter suitable for applications in optical communication by optimizing the f ilm and the grating parameters.  2000 Optical Society of America OCIS codes: 050.2770, 050.1940, 130.2790 It was found in recent experiments that light can have extraordinarily high transmission through a periodic set of tiny holes in a thin metal layer.
It was found in recent experiments that light can have extraordinarily high transmission through a periodic set of tiny holes in a thin metal layer. 1 -3 In these experiments, ion-beam lithography was used to prepare 150-nm holes in a 200-nm silver film. Transmission as high as 10% was observed when the holes covered only 5% of total area. The locations of transmission peaks in the coordinates of wavelength and angle of incidence correspond to the dispersion law of surface plasmons (SP's). Consequently, the phenomenon was explained as plasmon-enhanced light penetration through subwavelength holes. However, to our knowledge no quantitative treatment has been presented so far. Here we report a simple model based on the well-known Rayleigh-Fourier approximation. Using this model, we can easily simulate all the features of the published experimental results with good accuracy. The model is also useful for the design of structures with predetermined spectral properties. In addition, we found that it was possible to get the extraordinary transmission even without the presence of holes; it is the periodicity of the interface corrugation that is important. The phenomenon should be treated as surface-plasmon-assisted resonant tunneling of light (SPARTL) through a corrugated metal film rather than as light penetration through tiny holes. In fact, as we show, a thin metal film of uniform thickness deposited upon a corrugated dielectric substrate can have an even narrower and stronger transmission peak than a film with holes. Transmission of as much as 80% is predicted in a properly designed corrugated silver film with uniform thickness, whereas off-resonant transmission is only a few percent. We also experimentally observed resonantly enhanced transmission through a photoresist grating structure covered by a Au film. A conventional holography scheme was used to create the periodic structure.
SP's at a metal-dielectric interface are known to cause sharp intensity variations in diffraction spectra of metallic gratings. These phenomena are usually referred to as Wood anomalies. 4 It was found later that the physical reason for the anomalies is the resonant interaction of waves propagating to and from the interface with the waves propagating along the interface, 5 so any guided wave can result in sharp features in the diffraction spectra. The abnormal ref lectance and transmission were extensively studied for dielectric waveguides. 6 -10 Compared with a dielectric waveguide mode, a SP has a narrower field distribution, which may have some advantages in applications such as for optical sensors.
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Recently it was found that SP's are responsible for extraordinary optical transmission through subwavelength periodic hole arrays in thin metal films. 1 -3 Extensive studies have been made of the simulation of light diffraction from metallic gratings. For smooth prof ile gratings fabricated by use of holographic technology, the Rayleigh-Fourier approach to the diffraction problem seems to be a good choice. In this approach the electromagnetic field of light is treated as a linear combination of plane waves of diffraction orders. Each of the waves has a wave vector determined by the wavelength, the grating period, and the incident-beam direction. The amplitudes of the plane waves are to be determined from the boundary conditions. Rather deep gratings can be handled in this model if a large number of diffraction orders is taken into account. In our model we considered five diffraction orders (from 22nd to 12nd). The structure considered ( Fig. 1 , left-hand inset) consists of a dielectric cover with refractive index n c , a metal film of thickness t with complex refractive index n m , a dielectric film of thickness d with refractive index n d , and a dielectric substrate with refractive index n s . We introduce the dielectric film into the model so we can simulate two-layer structures such as metal -photoresist films. Both boundaries of the metal film are periodically corrugated. The gratings are sinusoids with displacements Dz 1, 2 s 1, 2 sin͑2px͞L 1 w 1, 2 ͒. Here axis x is directed along the film, axis z is normal to the film, L is the period, s 1, 2 is the amplitude, and w 1, 2 is the phase of the grating. Subscripts 1 and 2 correspond to cover -film and film-substrate interfaces, respectively. The incident wave is a p-polarized plane wave, which forms angle u with the normal to the film. The plane of incidence is parallel to the gratings' wave vector. The optical constants of the metals (Ag and Au) in the 200-2000-nm wavelength range are taken from Ref. 12 and interpolated for every given wavelength by use of a cubic spline. Although it may seem expedient to neglect any material-related dispersion to emphasize the role of SP's and gratings, such a simplif ication was found to result in an unphysical increase of the film transmission in long-wavelength region. The dispersion of the optical properties of the dielectrics is neglected.
To simulate transmission spectra of a Ag film with holes similar to the ones studied in Ref. 2 , we take L 600 nm, s 1 s 2 55 nm, w 1 0, w 2 p, and t 110 nm. Such a film has a thickness that varies from 0 to 220 nm (Fig. 1 , right-hand inset, Dw w 2 2 w 1 p). Absorption coeff icient k of Ag in the visible and near-infrared ranges is rather high, so only the fraction of the film with a thickness below l͞4pk ഠ 10 nm can be considered a transparent region or holes. This fraction turns out to be several percent of the total area, which is close to the hole area fraction used in the research reported in Ref. 2 . We used a substrate refractive index of n s 1.45 and a cover index of n c 1.0. The normal-incidence transmission spectrum is shown by a solid curve in Fig. 1 , which exhibits all the important features of the published experimental results. 2, 3 There is a Ag bulk plasmon peak at 317 nm. There are two peaks, at 640 and 920 nm, associated with excitation of Ag-air and Ag-substrate SP's, respectively. The location, width, amplitude, and spectral shape of these peaks are close to those obtained in the experimental results in Ref. 2 . Even small spectral features in the 400-600-nm range are reproduced, although they are not exactly identical to the ones observed in the experiments.
Once we recognized that the extraordinarily high transmission is related to resonant excitation of guided modes, which are the SP's in the case of metal films, it is rather evident that the phenomenon would be much stronger if we used modes with high Q factors (low optical losses). Usually, just because of material properties of metals, SP's have high optical losses a SP in the visible range:
where e m and e d are the dielectric permittivities of the metal and the dielectric, respectively. However, a thin metal film placed between two identical dielectrics can support a low-loss plasmon mode, which is nothing more than an antisymmetric combination of SP's localized at the film interfaces. 13 This mode has a small fraction of its power localized within the metal film, so the optical losses are smaller. Consequently, we expect a strong resonant transmission in a symmetric material structure. Another approach to enhancing the SPARTL would be to use longer wavelengths. To illustrate this approach we calculated the transmission spectrum of a structure identical to the previous one but with both the cover and the substrate indices set to 1.45 (dashed curve in Fig. 1 ).
As expected, the peak that is due to the metal-air SP disappeared, and the peak that was due to the metal-substrate SP turned out to be four times stronger. It can be seen that another spectral feature, at l ഠ 550 nm, is related to the SP excited by the second-order diffraction. In this simulation we did not see higher orders because of the smooth grating prof ile. To determine whether the holes are really necessary for extraordinary transmission, we made the gratings' phase identical ͑Dw 0; Fig. 2, inset) and kept all other parameters the same. The film in this case had a uniform thickness. A f lat 110-nm-thick Ag film at l ഠ 900 nm would have a transmission of ϳ7 3 10 25 . However, with the corrugation we could get a narrow transmission peak of ϳ10 23 in amplitude (solid curve in Fig. 2 ). The enhancement is quite evident, although it does not look so impressive. If we optimized the grating depth ͑s 1 s 2 12 nm͒, we got a narrow peak (FWHM, 4 nm) of 0.07 in magnitude (dashed curve in Fig. 2 ). This peak is approximately a thousand times stronger than for transmission through the f lat film. In general, we found that thinner films could have much stronger transmission but that the spectrum became wider. For example, an 80-nm film (9 3 10 24 f lat film transmission) with a s 1 s 2 17-nm grating provided a 40% transmission peak with a FWHM of 9 nm (dotted curve in Fig. 2 ) and a 55-nm film (8 3 10 23 f lat film transmission) with s 1 s 2 25 nm had a 75% high-transmission peak with a FWHM of 24 nm (dashed -dotted curve in Fig. 2) .
So far we have considered only gratings of 600-nm period and normal incidence because we wanted to start with a structure similar to those studied in Refs. 1-3 and to show how the spectrum of SPARTL depends on the gratings' depths and phases as well as on the film thickness. We can design structures for other wavelengths. For example, to get the normalincidence transmission peak at 1550 nm one would need a grating with period of ϳ1059 nm. A 70-nm film (the f lat film transmission at 1550 nm is 6 3 10 24 ) with s 1 s 2 26 nm has a narrow (FWHM, 7 nm) peak as high as 37% (solid curve in Fig. 3 ). Such a filter can be useful for applications in optical communications. One can easily tune the filter by changing the incidence angle. For example, at u 45 ± the period suitable for a 1550-nm transmission peak is L 623 nm. A 70-nm film with s 1 s 2 19 nm provides a 38% transmission peak of 4-nm width (dashed curve in Fig. 3) . By scanning the incident angle from 40 ± to 50 ± one can tune the peak wavelength from 1490 to 1600 nm with negligible change in the maximum peak transmission and peak width (dotted and dasheddotted curves, respectively in Fig. 3) .
To verify the presence of SPARTL we measured the transmission spectra through a thin Au film deposited upon a photoresist grating. Both Ag and Au are good metals for use in the observation of SP resonances in the optical wavelength range. For Ag, absorption losses [Eq. (1)] of SP's on metal -air and metal-glass ͑n s 1.51͒ interfaces at l 633 nm are estimated to be 470 and 1800 cm 21 , respectively. For Au they are 1100 and 4600 cm 21 . Because of the higher losses in Au, the resonant transmission peak is expected to be smaller and wider than could be expected for Ag. Nevertheless, we can still verify the presence of SPARTL by using a Au film. In our experiments we prepared photoresist gratings ͑L ഠ 590 nm͒ upon glass substrates by using the conventional holographic scheme. We used deep-ultraviolet resist from JSR Microelectronics. The exposure wavelength was 257 nm (second harmonic of an Ar 1 laser) to ensure high resolution and to avoid exposure problems associated with multiple ref lectance in the substrate. After processing the photoresist, we deposited a Au film on top of the photoresist grating, using dc magnetron sputtering. Another photoresist layer was deposited on top of the Au film to form a symmetric structure. The measured angular transmission spectrum is shown in Fig. 4 . Note that the angular spectrum is equivalent to a wavelength spectrum because of the dispersion relation in grating excitation of SP's: n ‫ء‬ 6sin u 6 l͞L, where n ‫ء‬ is the modal index of the SP. In our case both signs in this equation are positive, so the wavelength increase corresponds to the angle decrease. We observed an enhanced transmission at u ഠ 23 ± . The resonant transmission is approximately four times higher than the off-resonant transmission. This result clearly indicates the presence of SPARTL in a structure that presumable has no holes in the metal film.
In conclusion, we have presented a detailed numerical model to explain recent experimental results for resonantly enhanced light transmission through a periodic metal film. We have shown that the phenomenon observed should be treated as surfaceplasmon-enhanced resonant tunneling of light through a metal film with a grating rather than as light penetration through tiny holes. We have suggested a practical scheme for narrow-band filters based on SPARTL. We have experimentally demonstrated SPARTL in a layered metal -resist structure.
